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SOVIET RESEARCH ON FIAME PROPAGATION AND DETONATION FHENOMERA

Experimental Proof of the New Theory of Flamo Propegation and Determination of
the Heat of Activation and of the Roaculon Speed in & Flame

P, Ya. Sedowmikov,
G, A, Barekiy,
Ya, B, Zel'dovich

A basic conclusion of the new theory is the etatement that in a flame the
chemical reaction proceeds at a temperature close to the maximum temperature of
carbustion (that 1s, at 1,500 - 3,000 degrees for most mixtures), even in a mixture poor
in fuel and Op and rich in reaction products on account ot diffusion exchange of
a layer in vhich the reaction of combustion proincts procesds by strata, dis-
posed side by side. The speed of chemicel reection under these conditions and
the thermal conductance of ‘the reacting layer determine the velocity of flame
propagation. Such a theory differs substentially from the old viewpoint In
vhich the velocity of fleme propagavion depended upon the epeed of heating of
the mixture to the temperature of ignition, around 400 - 800 degrees.

A geries of experiments were carried out in which the velocity of flame
in mixtures of CO with air were compared for various temperatures, to which mix-
tures various amounts of combusticn products were admixed. It was shown that the
velocity of flame in a heated mixture containing combustion -products is equal
to the velccity of flams in a cold undiluted mixture, if the temperatures of
combustion and the compo3iition of the combusticon products of both mixtures
are the scme., These experiments directly confirmed the basic conclusion of the
nev theory. From our viewpoint the cnange of the initial temperature or the
admixture of combustion products influences the velocity of propagation only
indirectly, hreugh the change of the temperature of combustion and of
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the tomperature of the chemical reaction in whe flame, : By studying the influence
; of the admixture of combustion prodncts on the velocity of flame, we obtain In-
)\ . formation about the dependence of the speed of chemical reaction on temperature
at which the resction proceedas, and it is possible to find the heat of activa-
tion of the reaction in the flame. By knowing the absolute valu¢ of the voloclty
of. fleme, the thermal constants of the mixture, and the heat of actiwation, '
ve find-also the gbasolute value of the rate of liberation of hsat and the value
of the speed of chemical reaction in the flame. Such experiments we conducted - v
for varfous mixtures of CO by two methods: ) . s B

1. By mescurement of the velocity of flame propagation adove and belov in . .
vertical pipes open sboves for small velocities, by v/sual means according ° “a
to stopwatch; for large velocities, by registering the pasasage of flames = -
through & certaln place of the pips according to variations in the resistance
of & tingsten wire inciuded in the circuit of a "loocp™ device.

2, By bombs: for low pressures, in a spherical glass bomb; but for .
atmospheric and higher pressures, in & cylindrical steel bombd with & thick- ) e
valled: glase window; for central ignition, the flame propagation was photo- !
graphically reglstersi in the initial section of the course (up to 3C percent. L
‘of. the bomb’s radiws)., In this first phase, part of the buraing mixture doces
not ‘exceed 0.1- 1 percent of the whole quantity, the chenge of pressure dis-
regarded.. We ihtroduce certain results: ' :

Q@Pﬂﬂlﬁl@} Temp. of Com- Activation Rate of Liberation of

' % % bustion (°K) Beat (cal/mél) Hoat (K cal cu m/hr) 1
67 €0, 33 0p 2 Hy 3,000 75,000  1k0 x 109 4
2% €0, Tl alr, 2  H0 2,370 46,000 15 x 109 i
506 Co, %0 air, 2 B0 2,030 20,000 5 x 109 y

.

The data 18 of significant interest for therwotechnice, sirce ordinary
values, at the present time, in combuction steam boilers, of the rate of -
1iberation. of heat are from 300,000 to 3,000,000 K cal cu m/hr. .

Tais éata was published in the Sciemtific-Teshnical Bulletln IRWF (i9hl)
end was in the monograpi of Ya. B, Zel'dovich, Theory of Combusticn and Detona-
) tion of Gemes. (Publishers of the Academy of wclemces, 19k4).

The Velocity and Extent of Flame Propagation in Hydrogen-Bromine Mixtures

V. I. Kokocheskvill
Ya. B. Zel'dovich

The velocity of flame propagation in Hp ¢ Brp mixturcs has been measured

in relation to composition, pressure, and amount of the H Br admixture. Due
. to relisble knowledge concerning the velocity and the process of the Hy + Br
" "“" reaction and confirmed by spontanecus-combustion tests, the Ho + Bro cystem
"7 permitted comparison of the experimental value of the veloeity of Ilame propa-
gation vith that calculated by the new diffusion theory. The calculations
consiet of :

1. determination of the theoretical temperature T of comhuetion according
to the heat of reaction and to the specific heat of *he Eoducts, from calcula-
tlon of the dissoclation 2 Br i—2 Hp + Brp and 2EB *= Hp + 2 Brj
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S 24 rslw‘;t*c* of the riz tivn J“»w Zucariingbo-known constants of
fhe chain reaction H+ Brpa==> B~ B; Br+H,#=—2H Br+E for conditions in
the reacticm zone edjoinin b the ,_o"uﬂts vhich ere ne a*ed to ccmbustion temperature;

3. calculntlon of the velocity of px opegatior according to reaction speed
and heat conductivity. .

The agreement attained must be..considered satisfactory. ' In this Tashion,
the calculetion of the absolute value of fleme veldcily In the reaction process
veg first puccesefully carried out. During determinetion of the extent of
propagation, it was noted that mixtures with an excess of bramire had the greatest
extremer of limiting compositions for up and down flame propagetion.  In accordance
with the work of Drozdov and Zel'*dovich, thie result is exrlairied by the difference
in the molecular weight of E, and Brp, which causes the difference in the intensity
of diffusion end heat conductivity, This 1s aldo the reascn for the unusually
interesting new form of flame spread from ebove downwards, firast o'bserved in .
the work reported on. :

In mixtures containing 60 peruent Bre 4 140 percert Hy, the flat front 1s
uneteble and collapses in spite of the etabilizing influence of the gravitational
field (15(111'.1011 from above) into ssparate globes of flame, due to the dependence
of. velocity vpon the curve obtained for diffusion which 13 mere effective and
interse than heat conductivity.

The Theory of Powder Combust ion
Ya. B, Zel‘'dovich

The phases through which burning powler passes, the phases which determine
the combustion rate, the relationship between the chemical kinetics of the reac-
tion aud the combustion rate, the igrition of powder, and the limits of steady-
state combustion -- all of these probiems ere examined, Theories which assume
that the surface powder moleculea &re activeted by molecular impact of *he reection
products om the gaseous phase (Leten, Yamaga, Froy and Trimshaw; are shown %o
lead to sbeurd valuse of combustion rate and heat flew and are thorefore incorrect.
Consequently, the theoretical comclusion of the combustion law u=7,pis incorrect.
(Many authore have experimentally established that u=u,p", where 0.5& V< / ).

At the time of combustion the povdsr first warms up in the solid phase to the
temperature at which it gasifies. The products of gasification heat up still fur-
ther (in the gaceous phase) and they react' with gemeration cf heat and are trans-
formed into the end products of combustion. The combustion rate is especially
dopendent om the rate of heat liberstion in the chemicel reaction, while the
rate of the other process of injtial werming and gesification are esteblished
automtically in accordance with the rate of chemical reaction. The latter
aspumption distinguishes our conception from that of Myuraur., The reaction
takes place at a temperature close to that of combustion T,, and if the speed
of the reactiun is proportioml to p’ -qxf(-F/RT) then the rate of the com-
bustion is proportiomal to P nva axp (- EJ/RTZ The dependenco of the

powder cambustion rate on the initial temperature and heat value of the powder

18 indirectly bound up with the dependence of the combustion temperature Ts
on these values.
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©w'Thie parl-of thé Prabelrvaru'l vl LWl puvides: resemublos the picliure
given earlier by Belyayev (IEnF) ¢f the combustion of vaporizing explosivee;
the quantitative treatment makes use cf the theory of flame propagetion in
gnses, giver by Zel'dovich and Franx-Kamentskiy, .

In the process of combustion, ths iritial Keating of hard powder from
the low initial tempsrature to the final gasification temperature is accimpanied
by ‘the penetratlion of a heat wave into the depth of the powder and by the
creaticn of & specific supply of hsat 1m the layer of heated powder. This supply -
i8 conatant @nd does not snter into ths calorlavions during steady-state com- T
bustion. Eowever, the creation of such a reserve 18 & necessary condition for
combugtion. In this fashiocn, the tasis is sstablished for the theory of com-
buation, the calculation of heaing time K &and amount of heat necessary for .
combustion of powder and the condensed explosives. - :

" A detalled analysis of the combustion process under a given condition of
surface heating of a substance leads to the conciusion that steady-state
combustion can tske place only when the temperature of the material is not
too low., Under opposite conditions extinguishment occurs wbich depende not -
on seécondary ceauses, but on the rapid combustion of the heated layer with the

. ensuing diffision of heet in the degrth of the compressed explosive or powder.

The thuory'e mext limit of the possidbility of steady-state combusticn vanr
obgerved ‘esparimentally on the burning of liguid explosives {nitro-glycol,
nitroglycerine) by Andreyev .MEWTI) and Belyayev (I¥hF), - (Thie work wes
published in the sowrnel of sxperimentsl Theoretical Physics; Yol XII; i9hz,)

The Detonating Properties of Explosives

Yu. B. Enariton

Ezsmipation is made of the circumstances nnder which solid or liguid chemical
compounds and mixtures became explosives. The problem 1s approacked in the
light of an earlier aeserticn tbat detcnation can take place only when the ratio
of time T (during whick the high pressure located in the detcnating wave front
causes a dispersion of the materiel to time T {during which the reaction 1s com-
pleted Lasically under the conditione created by the detonating wave) exceeds
a certein fixed walue (gensrally, speaking, greater than cmity?,

The magnitude of ¢ 1is related to the physicochemical propertlies of the
system only when T depends on the geumetrical characteristics and may then be
regarded as proportional to the minimum dimension of the charge, for example,
the diameter of & cylindrical chargs. Therefore, by increasing the diameter
of the charge it 1s always theoretically pcasible to achieve such values of T
that the ra.tio% 7111 be large enough to secure detomation. All factors,
therefore, favusing increase in T und decrease 1n ¢ facilitate detonation, The
value of ¥ 1s determined by the phyesicochemical properties of the material.
The value of T, along with the physicochemicel properties, 1s determined by
the charge B8ize and the nature ¢f the sheath covering and, as is evident from
congiderations of "similarity” (dimensional analysis?, T is proportional to
the minimm charge size (for exampls, the iiameter of a cylindricel charge)
and approximately linearly related to the square root of the ratio of sheath
mass to charge mass, if the sheath shatters through the action of the explo-
aion.
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In the case of a sheath that does not shattar, £ becomes infinitely la‘rgei
and the detonatfon propagates-wstil: auch.owmall ~alusd of char ge diameler at
which heat transfer from the reaction zone into the walls begins to have sub-
stantial values. A substance or mixture that ir usnally explosion proof under
ordirary circumstences cem be detonated by the use of a ‘sufficiently large
charge or by fitting the charge into a ahatterproof sheath., Co

The principla vhich states the va.mo of the ratio necessary for

T
T
detonation makes 1t possible to estimate the duration of reaction on the detona-
tion wave front and, consequently, to study the devendence of reaction duration
on the moat diverse factors; Data on reaction duration obtained in this
manner permit in & number of cases the drawing of essentiml conclusions on the
process of reaction in detoration waves. In the light of this principle,
examination is made of that amount’ of minimum mmiating churga which will ge%
off the dztomtion of any explosive mterial,

Similarities in Detmation Phenomena (Dimensional Analysis)

Yu, B, Khariton
Ya, B. Zel'dovich

It is universally accepted that, iIn explosive nharges of different sizes,
the explosion processes are similar" in all reapects. Actually this is wot so,
&8 18 evident from the extinguigshment of detonation when the diameters of cylindri-
cal charges are amell enough, Yu, B. Fheriton expresssd the opinion that ex-
tinguighment takes place when the scettering of the charge dus to the hign
pressure which exists in the detonation front takes place in a shorter time
than the time 2’ ¢ the course of reaction of decomposition of an explosive
substance.

£ince for all mechanical phencmena the time scale in explosions is propor-
tional to the dlmension R of the charge, it may be assumed that on the boundary
between extinguishment and diffusion of deicnation e certein criterimani_aaamee

a complotely definite value (here R 1s a characteristic dimension of the charge;
& {8 a certain fundamental velocity, for example, the spesd of sound in ex-
plosion products or in a mixture of the parent material and sxplosion products.)

In the work reported on, application is made of the criterion&f for studylng
the character of the phenomena of incompletes detonation. It is assumed that for
complete detconation pressure may be expressed as a function of: the relative
distance .-R}— (1 1s a distence counted off from a certain point of the charge),

the criteriona‘af and the characteristic pressure, for exampls, the pressure of

detoration Py ; thus: P = PM_{'(_R a.'r)
Accordingly, the impulse of the shock wave will be expressed by i =R P, derf (7? )

For various types of explosive materials and mixtures the form of functions
F ana ¥ my somevhat differ, but these differences will not be significant.
The value of T depends on the physicochemi¢al properties of the system. Especially
interesting from the viewpoint of the application of the theor, )y of similarity
(dimensional analysis) is the case of mixtures when T = 7 (87 where § 1sa
dimension characterizing the dispersion of the mixture. If Tis proportional to

, then "self-modeling” of the phenomena of incomplete detonaticn takes
place; that 15, compl =te similarity of the explosion process holde true for
simultaneous "similar" variations in dilepersion and charge sizes. In general,

-5 -
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the seerch Tor "aimilar” procutesy T vudrgen L anrious el des  and’ With
varying degrees of dispersion makes 1t pussivle to draw eseential con-
clusiuns ccmceming the reaction mec%ﬂniéma Then the criterionﬂhas ln*ge

values, a.pprox:mmtio.l to complete detonation tekes pJ.ace and, correspondingly,
complete similar‘ty of explosion phenomsna homs true for changes in charge
dimsnsions., . : :

The Theory of Detonation D*atribution The State of Det tonation Products For
: Various Conditione )

Ya. B. Zel'dovich

This work {ZuEIF, 12, 389, 1942) eramines the distributiom of pressurs,
denslty and velocity of detonation producte in.the followlng two cases:

l. Tha case of the detoration of a epherical charge set off by an
initsatcr located in the center of the charge. In this instance, the meximum
_Preasure and. momentunm attainsble in the wave front fall off very rapidly in
the layers-located benind the front; in other words, after achieving
mexinum density al the moment that chemical roection enda, the detonation
producis  then undergo rapid expansion and reduced preesure resuits (one third
to one fourth)while the detonation wave moves on and snccmpasses new layers of
explosive material (the concluslons are equally spplicable to detonation of
gnseous mixtures znd solid or ligquid expiosive materials). The limiting
rules pertaining to preseure distridution are determined for general conditions
ard a complete calculation 1s mde of the distribution when the products possess
large thermml capacity.

2. The case of undimensional detonation, for example, the distribution of
detonation in a long pipe, where the diatribution processes are studled for
warious velocitles, In particular, dstalled examinatian and thooretical confirma-
tion are made of ihe detonation fuse method employed in blast technique in vwhich
the velocity of propagation throughout the charge 1s determined by the fuse proper-
tiee and exceeds the thermodynamic velocity which depende on the propertioa of
the charge (patent of the US firm "Hercules Powder"). In this case, the maximm
schiovable preesursa are lower then those for dstonation with thermodynmamic velocity;
wouover, the duration of action increamses considerably, The increase in duration
createe more favorable conidtions for utilizing the chemical ensrgy of low-grade
explosive materials.

Calculation of Detonation Velocity »nd Condition of Explosion
Produota 1n ' the Dotonsticn Wave Propagated in Cundensed Systells

Ya. B, . Zel'dovich
S, B. Ratner

The valocity of detonation D is determined by the ratio between the pressure
and the density of explosion products. In solid and liquid materials, the veloclty
i8 2- 4 times greater than the velocity (D.d ) calculated under the assump-
tion that the_laws of ideal gases apply tc explosion products. In 1912, Taffanel'
and Dotrish [Deutrich?J first expressed the velocity of detonation by adopting.
for the products of detonation, the egquation p . (v —a)=F, usually applied in
internal ballistics ( & = co-volume, £ - RT tho force of detonation products),

D'—‘é‘fl :}%Fo 3

vhere Po is the originai demnsity of the explosive material. Schmidt (1936)
made use of this expression reduced to the form
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and he calculated & -accurding Lo-dxpstimentzl latason't o £0pg ) taken fore
T } powdered TNT, TER, and other explosive metarials with varying degrees of com-
o proesiop. Calculations demonstrated that & is not constant and that it .
/ decreages with an increase in density. Since the formulae of the hydrodynamic -
theory of detonation introiuces not only the pressure for a glven density (1in
equations: of conservation), but also ths derivative of pressure (in the conditions
‘stated by Zhug - Kryussar, relating to the velotity of sound in the products),
Schmidt®s result implies that ihe formulae of Taffanel’ and Dotrish and of Schmidt,
etiudied imder the. assumption of & constant X , are actually not spblicable to the
detonation of explosive materiais. S

From the gensral properties of Giugonio’s sdizbatic curve, it may be ghown
that with a given measured velocity of detonation Schmidt’s calculation give ‘
decreased values of pressure, density and velocity of the products of detomstlon
in the detonation wave front. ' .

In genersl, by aesuming.prf’[V-d(V)] and solving the equations of hydro-
dymamic. theory without other assumptions or approximations, we obtained for A
the dstonation Velosity and for a specific volume of detonation products (V= ’/P) S

de r :
v (K +1)~d—v o K
D =D ——(»3—‘«———-@," / K, —da’
(Kl+_~)(1/-'<1) ARl

V= v+ =
) & da
! v
whore K, < :‘:‘éﬂy R 15 the maximum value of the exponent of Polsson'‘s adiabatic
- curve for a low density. Calculation of D;4 does not present difficulties

(nee the work by Z & R in collected Reviews £or 1940),

Tf the funetien of o) is known, then for Vo glven, we find V with R
the aid of the 2nd equaiton, and by substituting the first, we get the
lue of D(Vo)o- On the other hand, it we consider that
3?‘107 is determinea by cxperimeny, we CAR rugara uuis Syslen of equations ue
an exnression for the calculation of & (v). 1In general, itz solution is
d1fficult since D is known as & function of Py (or of vo= #g ), when A depends
on V. At the present time, vwe sre eeeking to solve the protlem by caleulating °
the repulsive force between molecules in a continuation of the work of Landar
and Stanyukcvich,

-END -

- 7 -
CONFIDENTIAL

CONFIDENTIAL

A
o ) . Y

" oy, ’ © e R
BEREENN Sanitized Co .

oy Approved for Release 2011/07/07 : CIA-RDP80-00809A000600240428-0




